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3The general purpose of this research was to improve and update (to 1990) estimates of
the net flux of carbon between the world's terrestrial ecosystems and the atmosphere from
changes in land use (e.g., deforestation and reforestation). The estimates are important for
understanding the global carbon cycle, and for predicting future concentrations of atmospheric
CO 2 that will result from emissions.
The emphasis of the first year's research was on the northern temperate zone and boreal
forests, where the greatest discrepancy exists between estimates of flux. Forest inventories
suggest net sinks of 0.6 PgC yr-' ; inversion analyses based on atmospheric data and models
suggest much larger sinks 2-3.6 PgC yr L (e.g., Tans et al. 1990, Ciais et al. 1995). The work
carried out with this grant calculated the flux attributable to changes in land use. The estimated
flux was somewhat smaller than the flux calculated from inventory data,suggesting that
environmental changes have led to a small accumulation of carbon in forests that exceeds the
accumulation expected from past rates of harvest. Two publications have described these results
(Houghton 1996, 1998). The large difference between these estimates and those obtained with
atmospheric data and models remains unexplained. The recent estimate of a 1.7 PgC yr- 1 sink in
North America, alone (Fan et al. 1998), is particularly difficult to explain. That part of the sink
attributable to land-use change, however, is defined as a result of this grant.
The major effort in years 2 and 3 was to calculate the long-term net flux of carbon from
changes in land use in tropical Asia and in the US. The revisions in the analysis of tropical Asia
led to an increase in the estimated emissions. The total release of carbon to the atmosphere over
the period 1850-1995 was 43.5 PgC. The cleating of forests for permanent croplands released
about 75% of the total. The total release is about 30% higher for the period 1850-1990 than
reported in an earlier study (Houghton and Hackler 1994). More than half of the increase resulted
from a reduction in the amount ofbiomass assigned to long-lasting products at the time of
agricultural cleating. The rest of the increase resulted from the way in which reductions in
biomass were modelled (previously with a degradation multiplier and here by incorporating the
direct effects of harvests and regrowth) and from new estimates of deforestation over the last 15
years. For the 15-yr period 1981-1995, annual emissions averaged 1.07PgC yr q, about 50%
higher than reported for the 1980s in the earlier study. The emissions of carbon from land-use
change in tropical Asia during the 1980s accounted for approximately 75% of the region's total
carbon emissions. Since 1990 rates of deforestation and their associated emissions have declined,
while emissions of carbon from combustion of fossil fuels have increased. The net effect has been
a reduction in emissions of CO_ from this region since 1990. The revised estimate of carbon flux
for tropical Asia has been described in a manuscript in press inC,lobal Change Biology. The new
estimate of flux was also incorporated, along with an updating of temperate zone fluxes to 1990,
into a new global estimate (Houghton, in press in Tellus). The revisions increased the long-term
emissions of carbon from land-use change to 124PgC over the period 1850-1990. The global net
flux for the 1980s was increased from 1.6PgC yf_ to 2 PgC yr.
Previous work on land-use change in the US estimated the annual flux only through 1980
and included both the US and Canada in one region. The work being finished at present as a part
of this grant extended the annual flux to 1990, used better data that have become available in
recentyears,andconsideredagreaternumberof ecosystemsandregionsthantheearlierstudy.
Thegreatestdifferencebetweentheanalysiscarriedouthereandearlieronesis thatwe
consideredfire in thisanalysis.Wildfire statisticsweremuchmoredifficult to interpretanduse
thanwehadanticipated,butwe think wewill haveusedwhatcanbeused,madethedatamore
accessibleto thescientificcommunity,andshownthequestionsthatremainto beresolved.We
aresubmittingtwomanuscriptsthatdescribetheresultsof thisanalysis,andathird manuscriptis
in preparation.
Themajoreffectof consideringfire wasto reducethelong-termemissionsof carbon(or
increasethesink).Therearetwo reasons.First, thenaturalfire cycleenhancedby Native
Americansreducedthestarting(1700)biomassof forests,but theemissionsresultingfrom these
earlyfluestookplacelong before1700andwerenotcountedin thenet flux of carbonsince1700.
Nevertheless,thebiomassof forestswassmallerin 1700andresultedin a lower releaseof carbon
whenclearingor harvestingtookplace.Firealsoreducedtheestimatedemissionsof carbon
becausethedominanthistoricalchangein fire hasbeenasuppressionof wildfires, especiallyafter
1850.Theneteffectwasanaccumulationof carbonin both forestsandnon-forests.After a
reappraisalof Canada,thesenewestimatesfor NorthAmericawill generatea newglobal
estimate.Theestimatedannualemissionswill besomewhatlargerin thedecadesaround19tX);
theywill besomewhatlower in recentdecades.Thechangeswill beon theorderof tenthsotPgC
-I
yr.
The revisions that have resulted from this research confirm the importance of making
similar revisions in at least three other regions: China, Africa, and the former Soviet Union. New
data are available for these regions, which were last analyzed 10-15 years ago. The trend in
analyses of land-use change has tended to increase geographic resolution, moving toward the use
of satellite data rather than tabular statistics to document changes. The transition is just starting to
be developed. We need to expand the existing model so that it can work with spatial data. The
expansion should be done in a way that will make these analyses of land-use change compatible
with global terrestrial models, which, to date, have emphasized natural ecosystems rather than
those modified by humans. The interaction between 'metabolic' models and models of land-use
change will also increase the accuracy of fluxes attributed to land use. Together the two types of
analyses will constrain estimates of the terrestrial flux of carbon.
Publications resulting in whole or in part from this grant
Over the 3-year project period wc have published 9 papers as a result of this research, 7
are in press, and 3 more are still in preparation. They are listed below.
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Conferences, Meetings and Workshops
In addition, Houghton participated in several conferences, meetings and workshops. Travel costs
were paid by the hosts in all but two meetings.
"Terrestrial Global Productivity: Past, Present, and Future"
Montpellier, France, March 19-22, 1997
"Interannual Biosphere-Atmosphere Variabilily"
Tucson, Arizona, March 24-26, 1997.
Fifth International Carbon Dioxide Conference, Cairns, Australia, 8-12 September, 1997.
GCTE/LUCC international meeting in Barcelona, March 15-18, 1998.
An IGBP workshop to address the implications of the terrestrial carbon cycle for the
Kyoto Protocol (Stockholm, April 28-29, 1998).
A workshop in Westminster, Colorado, addressing the US program in carbon cycle
research (August 18-19, 1998)
A scoping meeting (Rome, September 23-25, 1998) for preparation of an IPCC special
report to address the role of land-use change in national accounting of sources and sinks
of carbon and the implications for the Kyoto Protocol. R.A. Houghton was nominated to
be a convening author of the chapter on the global carbon cycle.
